Abstract-In this study, the dynamic model extraction of the three-phase squirrel cage asynchronous motor driven with a voltage source inverter and the system identification for the speed control has been applied. The transfer function of the system corresponding to the dynamic behavior of the asynchronous motor in real time was found by using the System Identification Toolbox in the MATLAB/Simulink program. By using the transfer function found for system, a simulation block diagram was executed. To keep the change in asynchronous motor speed within the desired tolerance limit values, the gain coefficients of PI controller was adjusted automatically by making a simulation study. The gain coefficients of the controller found as a result of the simulation study were applied without any change to the same asynchronous motor that was operated in real time. It has been determined that there was no deviation that might negatively effect the steady-state operation at motor speed against to mechanical load changes.  Index Terms-induction motor speed control, system identification, PI controller, dynamic model development
I. INTRODUCTION
The three-phase squirrel cage asynchronous motors are frequently used in industrial applications because of their features such as they are resistant to mechanical forces, have high reliability, are low cost and do not require much maintenance [1] - [4] . The speed of asynchronous motors can be kept in desired values when they are driven with an inverter. For this reason, asynchronous motors gradually take the place of DC motors used in highperformance drivers and servo applications. With development of power electronic technology, the speed and frequency adjustments of asynchronous motors can be easily made. Thanks to this, operation of asynchronous Manuscript received October 22, 2014; revised May 13, 2015. motors can be ensured without various start-up methods. This is not causing any forcing [5] - [8] .
In literature and industrial applications, many techniques have been proposed for speed control of Induction Motors (IM). The difference between the rotating field area and rotor speeds that directly affect the electrical and mechanical quantities in induction motors is the slip velocity value. The current drawn from a grid by motor, and the electrical power value depending on the slip value of induction motors vary direct proportionally. In places that should be keep the induction motor speed constant according to variable mechanic load situations, the feeding of induction motors with an inverter has gained great importance in recent years. Ref. [9] , the design of Proportional and Integral (PI) controller for speed and current control of vector controlled IM taking core loss in to account. The response of the desired speed is achieved without overshoot and steady-state error for the step change of reference speed. The proposed PI controller can provide a stable performance under the change of load torque. Gehlot and Alsina [10] studied the accurate predictorcorrector discrete time model of the IM depending on the formulation of stator current and rotor flux for the realtime control applications and its fast stability development. The digital (numeric) simulation of discrete time model was given and compared to sensitive solutions. Similar to this study [10] , a new speed controller with multiple-resolution decomposition based of the discrete wavelet transform for the vector controlled induction motor drivers was designed. The field-oriented control technique was used to separate the flux and moment components of the IM dynamics. The proposed controller was used to separate the discrete wavelet transform to error components between the real and desired speed in different scales [11] . In direct moment control of IM, many motor parameters are required. In general, the motor parameters are affected from the current and flux values in the control algorithm. Ref. [12] , the acceptable monitoring schema of both the electromagnetic moment and stator flux for the direct moment control of IM machines is given. In this study, the load moment changes were combined with the stator resistance variables and productivity analysis of the adaptive direct moment control was made. Ref. [13] , a new approach is suggested for the direct moment control of induction motors. To test the performance of that method in IM by using the MATLAB/Simulink simulator, the Pulse Width Modulation (PWM) of current source inverter was depended on directly to the moment control. Control system was realized by being depended on the stator-flux oriented reference.
Recently, the speed of IM can be operated in desired speeds even in variable load situations by making Voltage/frequency (V/f) control by using the power electronic circuit elements. Ref. [8] , for the IM drivers, self-tuned neuro-fuzzy base speed control was made. The performance evaluation of the suggested Neuro-Fuzzy Controller (NFC) IM driver was analyzed with simulation and experimental studies for different operation conditions. The performance of NFC was compared to the traditional PI and Fuzzy Logic Controller (FLC). Ref. [14] , an efficiency optimization algorithm was developed in terms of slip frequency for the proposed indirect FOC of an IM drive of [15] , [16] by considering the coreless. Ref. [17] , speed control of induction motor driven by an inverter with PWM was realized by using the fuzzy gain adaptation of the PI controller (adaptive FLC-PI).The simulation and experimental results belonged to the IM speed control made with the adaptive FLC-PI controller were compared to constant parameter PI controller and it was stated that the suggested controller showed a good performance.
Ilango and Rajasekar [18] developed a new speed control method for operation of the single-phase IM in wide speeds by using solar energy. The suggested speed control method consists of two stages as two inverters connected in parallel to feed the DC-DC boost converter and IM load. In their study, one of the inverters drives the main winding and the other drives the auxiliary winding that are used in V/f control approach method. Mohamed, et al. [19] explained the design of Internal Model Controller and its real-time application for the speed control of squirrel cage IM. In the study, an artificial neural network based model and controller was designed. The performance of the used controller was tested under various input signals and different load moments. High performance and accuracy of the internal model controller in loaded and unloaded situations was proved. Ref. [20] , a new method of speed control was proposed. The basic idea of the proposed method is to control the current of the main winding only and to keep the auxiliary winding current at its rated value.
The method could be implemented by using either a variable reactance or an electronic circuit in series with the main winding. A new technique for speed control of IM was proposed in [21] . This technique maximizes the torque productivity of the motor. This can be achieved by controlling the stator voltage and frequency to obtain maximum torque per ampere and, at the same time, by field orientation. The proposed method greatly improves the performance characteristics of the motor compared to conventional control, which keeps the ratio of stator voltage to frequency constant.
The purpose of this study is to automatically adjust the gain parameters of PID controller for the real-time speed control of three-phase squirrel cage IM. As far as we examine the studies in the literature related to the speed control of the three-phase squirrel cage IM driven with an inverter, it is seen that there not much studies on determination of the nonlinear mathematical model or transfer function of dynamic behavior of the system from measurement data. In this study, System Identification Toolbox in the MATLAB was used in order to obtain transfer function of the IM driven with an inverter. In here, input data is control voltage of inverter while output data is motor speed. The block diagram of the system was drawn by using Matlab/Simulink. The gain parameters of PID controller were found through discrete-time PID controller block. These parameters were tried on a real time operating IM.
Figure1. Schematic diagram of the proposed speed control of a voltage source inverter driven three-phase squirrel cage IM.
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II. SYSTEM CONFIGURATION AND CONTROL SYSTEM
The block diagram of experiment set is given in Fig. 1 . The experiment set consists of three-phase squirrel cage IM, inverter, magnetic powder brake, brake control unit, data acquisition card and PC. Their properties are given in Appendix.
Up to the nominal and maximum loading limit values of IM, a brake control can be applied to its shaft with the magnetic powder brake. The brake control unit ensures control of the magnetic brake applied to the shaft of IM. With the data acquisition card, speed data of IM, magnetic brake value applied to its shaft and signals related to the brake control unit are transferred to computer.
III. OBTAINING OF THE TRANSFER FUNCTION
To automatically determine the gain coefficients of the PID controller used for the speed control of IM driven with an inverter in real time, first of all, the transfer function of the system must be obtained. In this study, the transfer function of system was obtained by using the input (inverter voltage) -output data (motor speed) of the system measured in real time. The System Identification Toolbox/Matlab was used to extraction of transfer function.
The system identification means finding of a dynamic system model with input-output data measured from a real system. The identification process of such a dynamic system consists of experimental planning and data collection, establishment of models, and estimation of unknown system parameters from experiment data and testing of validity of the found model. Formulization of system model and its characteristics ensures important facilities for the design and establishment of high performance control systems. To obtain the transfer function of IM driver with an inverter, the System Identification Tool interface was used as shown in Fig. 2 . In this study, to obtain the transfer function defined nonlinear dynamic behavior of system, the voltage signal of inverter control was used as an input variable and the motor speed information as an output variable. The input and output data measured for the system to be defined by using an interface are taken from the Matlab-Workspace. Then, many operations are done on these data. After the necessary operations are completed on the data, the data to be used for estimation and validation are determined. The gray color as shown in Fig. 2 is the estimation data used for finding of transfer function of the data system named mydatae and the light green color is the data used for validation of the estimated model named mydatav. As a result, the input and output data were shown in Fig. 3 and Fig. 4 , respectively. When the Process Model option is selected from the Estimate Menu in the System Identification Tool interface in Fig. 2 , the interface window is opened, shown in Fig. 5 . From this interface menu, the poles and zeros of transfer function compatible with dynamic behavior of the system used in real time were determined. To determine the dynamic behavior closest to change in speed of IM depending on its loading situation in real time, iteration number is selected from the options menu. By pressing on the estimate button as a final process in obtaining of transfer function of the system in the Process Models interface, the transfer function the system in real time was obtained depending on the input and output data of the system. For parameters and coefficients of the transfer function, the process model is
with
By using (1) that defines the dynamic behavior of the three-phase squirrel cage IM driven with an inverter, the transfer function of the system is established in s-domain. The simulation block diagram for the obtained transfer function is implemented in Matlab/Simulink program. By using the simulation block diagram shown in Fig. 6 , coefficients of the PI controller to be used in speed control of IM in real time are determined. The output signal of the PID controller is weighted with total of input signal, integral of input signal and derivative of input signal. Weights of the controller output signal are the proportional, integral and derivative gain parameters. The input of the PID controller block is generally the error signal that is a difference between the reference signal and system output. Correlation of the error signal in real time is expressed as follows. 
e(t) = r(t)-c(t)
While a(z) in (3) is determined with the Integrator method, b(z) for the Ts sampling time is determined with the Filter method. The Forward Euler Method for analysis in the integrator method and filter method is used. This method is best for small sampling times, where the Nyquist limit is large compared to the bandwidth of the controller. For larger sampling times, the Forward Euler method can result in instability, even when discrediting a system that is stable in continuous time [22] .
Discrete time PID controller  Sample time, which is the discrete interval between samples.  Discrete integration methods for the integrator and the derivative filter using the Integrator method and Filter method menus. To determine the most convenient controller gain parameters according to the controller type selected to control IM speed by using the simulation model in Fig. 6 , automatic PID controller block iteration process begins. When the coefficients of PID gain parameters that are the most convenient for the speed control by using the above stated Forward Euler Method are found, iteration process ends. Coefficients of control parameters determined as a result of iteration by considering the initial coefficients of P, I, D gain parameters in the automatic PID controller block shown in Fig. 7 are analyzed graphically. The PID coefficients can be adjusted automatically in Simulink model containing a block of the PID Controller with Simulink Control Design PID Tuner. PID Tuner automatically computes a linear model of the plant in the Simulink model. Typical PID tuning objectives must include closed-loop stability, adequate performance and robustness. PID tuner algorithm meets these objectives by tuning the PID gains to achieve a good balance between performance and robustness. The algorithm designs an initial controller by choosing a bandwidth to achieve that balance, based upon the open-loop frequency response of linearized model [23] .
In PID Tuner Interface shown in Fig. 8 , by considering the values such as settlement time, time-out of the system depending on desire of the user, coefficients can be adjusted automatically. This method, when compared to Ziegler Nichols, Chien-Hrones-Reswick, Cohen-Coon PID controller coefficients' determination methods, enables finding of coefficients shorter than the time passes for settlement of desired stabilization value [24] - [27] . Gain coefficients of the PI controller obtained for four different speed signals according to various loading situations of the proposed IM are given in Table I . PI controller gain parameters given in Table I were obtained in the shortest time with great sensitivity without necessity of trial and other methods mentioned above. 
V. EXPERIMENTAL RESULTS AND DISCUSSION
The experimental study set realized for dynamic development and speed control study of IM driven with an inverter is shown in Fig. 9 . The data on Squirrel-Cage IM, Inverter, Magnetic Powder Brake with Control Unit and Data Acquisition Card are given in Appendix.
To determine the transfer function those defines the dynamic behavior of IM and realize its speed control by using the experiment set given in Fig. 9 , firstly, the input (control voltage of inverter) and output (speed of motor) data of the system were measured. By using the measured input and output data of the system, the transfer function that defines the dynamic behavior in real time is expressed in detail in Section 3 and the simulation block diagram that contains the transfer function of IM is given in Fig. 6 . By using the simulation block diagram in Fig. 6 , the coefficients related to the gain parameters (P, I) of the PI controller for the suggested 1000 rev/min reference speed of IM were found with the simulation study realized in MATLAB/Simulink program. The results of the simulation and real-time application realized for speed control of IM by using the coefficients related to the gain parameters of the PI controller are given in Fig.  10 . It is clearly seen in Fig. 10 that there is not a significant difference between the speed curve obtained in real time for IM and the speed curve obtained as a result of the simulation study.
This indicates that the coefficients related to the gain parameters of the PI controller for speed control can be determined with a simulation study before they are applied in real time and then they can be used in speed control realized with PI controller in real time. Besides, with application of the coefficients related to the gain parameters of the PI controller obtained as a result of the simulation study in simulation study before they are applied in real time, negative situations that may occur for the system are prevented. The moment curve applied to the shaft of IM during operation of it in various rotor speeds in real time is given in Fig. 11 . The moment curve applied to the shaft of IM according to the desire of user may vary depending on time. The change curve in moment depending on real time as shown in Fig. 11 was applied to the shaft of IM for 1000, 1500, 2000 and 2500rev/min rotor speeds. When the change curve in moment applied to the shaft of IM as shown in Fig. 10 is applied for 1000, 1500, 2000 and 2500rev/min respectively, the resulting change curves in rotor speed are given in Fig. 12, Fig. 13, Fig. 14 and Fig. 15 . When the curves obtained related to the different speed in real time for the speed control of suggested IM, it is observed that they settle in a desired value in maximum 2 seconds without making a significant oscillation. Figure 15 . The proposed motor speed curve obtained by using PI gain coefficients determined for 2500 rev/min in experimental work.
Self-Tuned neuro-fuzzy controller was developed for IM speed control in experimental study in [13] , setting time for 1660rev/min reference speed was determined as 4.56 seconds. Besides, the performance of that controller was compared to the PI controller and settling time of PI controller was determined as 11.28 seconds. Ref. [11] developed controller was compared to the PI controller. Results of that study are given both graphically and numerically. The developed controller reaches to 1800rpm reference speed in 7 seconds and the PI controller in 10 seconds. In this study, motor settled in 2000rpm reference speed within about 1.82 seconds. In the study made with the Internal Model Controller designed for the IM speed control in [20] and realized as real time, the step response performance of the controller was evaluated. The motor settles in 1390rpm reference speed within about 3 seconds with the defined controller.
VI. CONCLUSION
In this study, the system identification was applied for dynamic model extraction and speed control of IM driven with an inverter. Transfer function that expresses the nonlinear mathematical model defining the dynamic behavior in real time of IM driven with an inverter was determined by means of the System Identification Toolbox in the Matlab program. By using the determined transfer function, the simulation block diagram of the suggested system was established and the gain coefficients related to the parameters of the PI controller were adjusted automatically. By using the gain coefficients of the PI controller determined for speed control of IM also in real time, change curves related to the different load situations and rotor speeds of IM were obtained. When the curve obtained as a result of the simulation study and speed change curve obtained in real time were compared, it was observed that there existed no significant difference. The desired rotor speed of motor within 1.5-2.5 seconds was obtained without significant oscillation including load changes. Accordingly, if the gain coefficients of the PI controller to be used in speed control of the suggested IM are determined during the simulation study before they are determined in real time, mechanical forcing of motor and unnecessary energy consumption will be prevented. 
